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1
SMART SENSORS FOR SOLAR PANELS

RELATED APPLICATIONS

This application claims priority benefit from U.S. provi- 4
sional patent application No. 61/005,166, filed on Dec. 3,
2007, which 1s mcorporated herein by reference.

TECHNICAL FIELD

The disclosure 1s related to apparatus and methods for solar 10

panel performance monitoring.

BACKGROUND

Solar power was once the choice only of 1dealists who put 15
the environment before economics; however, production of
solar panels 1s ramping up rapidly and 1s expected to double 1n
both 2008 and 2009, with growth driven by government sup-
port especially in Germany and Japan.

Governments are turning to the sun as a weapon both 20
against climate change and energy dependence. Subsidies are
needed because solar 1s still more expensive than conven-
tional power sources like coal, but costs are dropping by
around 5 percent a year and “grid parity,” without subsidies, 1s
already a reality in parts ot Califorma. 25

Grid parity could be achieved sooner by smart manage-
ment of conventional solar systems. In a conventional solar
array, all of the individual panels in the array must recerve full
sunlight for the array to work properly. IT a portion of the array
1s shaded or otherwise impaired, the entire array power out- 30
put—even from those sections still exposed to sunlight—is
lowered. Inevitably, efficiency-killing variations among pan-
els exist 1n the vast majority of solar arrays. When these
variations go undetected and uncorrected the result 1s that a
significant amount of energy, and money, 1s “left on the roof.” 35

High-resolution monitoring devices and diagnostic tools
are needed to extract better performance from solar arrays. A
solar array may comprise tens, hundreds or even thousands of
individual panels. If data could be collected from each of
those panels i1t could be used to optimize the power output of 40
the entire array over 1ts lifetime. The ability to maintain an
array at maximum power eificiency significantly increases 1ts
energy generation potential.

What 1s needed 1s a way to 1dentily panels with differing
voltage characteristics during array operation. Knowledge of 45
the voltage output of individual panels would be valuable to
owners and operators of solar arrays because 1t would allow
them to i1dentity which panels were dragging down the effi-
ciency of their solar power systems.

In this application, solar “cells” are monolithic semicon- 350
ductor devices that generate electric current when light shines
on them. Cells are connected to other cells through both series
and parallel electrical connections. A “string of cells” 1s a set
of cells connected electrically 1n series. A “panel” comprises
strings of cells connected electrically 1in parallel. A “string of 55
panels™ 1s a set of panels connected electrically 1n series. An
“array’” comprises strings of panels connected electrically 1n
parallel. Finally a collection of arrays forms a “site”.

Conventional solar panel junction boxes lack the capability
to monitor system performance at the panel level. In conven- 60
tional systems only the overall performance of an array, or
even a site, 1s measured.

BRIEF DESCRIPTION OF THE DRAWINGS

63
The drawings are heuristic for clarity.
FIG. 1 shows a voltage measuring device.

2

FIG. 2 shows how voltage measuring devices of the type
illustrated in FIG. 1 may be arranged on a bus to monitor solar
panels.

FIG. 3 shows a voltage-to-frequency converter with an
optically 1solated output.

FIGS. 4A-4D show a string of devices on a low-wire-count

bus and 1llustrate a method for determining the order of the
devices on the bus.

DETAILED DESCRIPTION

Solar panels convert sunlight directly into DC electric
power. A component called an inverter converts this DC
power 1nto AC power. Normally, a solar panel site 1s intercon-
nected with the AC power grid from a utility company. During
the day, 11 the solar system produces more electricity than a
house or building 1s using, the utility company may allow a
credit for any excess power returned to the grid.

So far solar power 1s not economically competitive with
conventional power sources such as oil, coal or nuclear power
plants. The situation 1s rapidly changing however as the price
of solar power systems declines and the price of fossil fuel
increases. The systems and methods described here acceler-
ate the benefit of solar power by making conventional solar
power systems more elficient. Increased power can be gener-
ated from an existing solar power system at very low addi-
tional cost.

Operating a solar power site efficiently depends on under-
standing what 1s happening within the system at the level of
individual solar panels. Lacking information on a panel-by-
panel basis, 1t 1s hard to know whether or not a system 1s
operating at peak efficiency, and 11 it 1s not, why not.

The smart sensors described here permit quick diagnosis of
inelliciencies and lost generation capacity by sensing volt-
ages generated by individual solar panels and by monitoring
panel bypass diodes. Furthermore the sensors communicate
via a simple, low-wire-count bus. A method for finding the
physical position of each sensor on the bus 1s described.

Smart sensors measure the voltage of individual solar pan-
¢ls 1n an array. The devices and methods described here are
also applicable to measurements of other voltage sources
connected 1n series such as the measurement of the voltages
ol individual batteries 1n an uninterruptible power supply or
hybrid vehicle.

One of the challenges of measuring the voltages of solar
panels 1n an array i1s that each panel has an independent
ground potential that may vary by hundreds of volts from
panel to panel and by 1000 volts or more compared to earth
ground. The measurement sensors described here are there-
fore 1solated so that they do not require a common ground
with a panel being measured.

FIG. 1 shows a diagram of the voltage measuring and
communication blocks of a smart sensor 100 which can be
implemented as part of a standard solar panel junction box.
FIG. 2 shows a string of such sensors connected to a string of
solar panels. Each sensor 1s connected to its neighbor by five
wires. These are: ground and control power 132 (two wires),
data 135 (one wire), sense-in 127 (or sense-out 130) (one
wire), and VREF-1n 115 (or VREF-out 110) (one wire).

Each sensor 1s further connected via “Panel Positive” 105
to the positive terminal of the solar panel (e.g. 205) whose
voltage output 1s being measured. Since the solar panels are
connected 1n series, the negative terminal of each one 1is
connected to the positive terminal of its neighbor. The nega-
tive voltage reference i1s transierred from one sensor to
another via the VREF wire.
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In FIG. 1, “Panel Positive” 105 1s connected to the local
panel positive tap; 1.e. the positive terminal of the panel being
measured. “VREF In” 115 1s connected to the positive termi-
nal of the neighboring panel which 1s connected to the nega-
tive terminal of the panel being measured. Only one direct
connection between the sensor and the panel 1s needed
because the panels are connected 1n series.

“Panel Positive” and “VREF In” are connected to a volt-
age-to-frequency converter circuit 120 whose pulse output
122 1s optically isolated 1in block 121 from 1ts mnputs. A
possible implementation of voltage-to-frequency converter
120 and optical 1solation block 121 1s shown in FIG. 3 as
circuit 300.

In FIG. 3 the voltage difference between “Panel +” and
“Panel =" charges precision capacitor 305. A comparator 315
senses when the capacitor 1s charged to the level set by volt-
age reference 310. (Comparator 315 and voltage reference
310 may be contained in one package.) At that point, the
capacitor 1s discharged through light emitting diode (LED)
320. Photodiode 325 placed near the LED creates an electr-
cal pulse whenever the LED turns on. The greater the voltage
between “Panel +” and “Panel -7, the more often an electrical
pulse 1s generated; 1.e. the repetition rate of electrical pulses
122 is proportional to the measured voltage. The LED-pho-
todiode combination provides optical 1solation between the
input and output of the circuit.

Pulse output 122, or 1n general a local data stream, 1s one of
the inputs to control multiplexer 125 1n FIG. 1. Multiplexer
125 1s also connected to control power and ground 132, sense
in 127 and sense out 130 signal lines, and 2-bit general pur-
pose 1nput/output (GPIO) device and 128-bit read only
memory (ROM) 145. The 2-bit GPIO interfaces the multi-
plexer to bus 135. The GPIO selects which of the four inputs
to multiplexer 125 1s connected to sense out signal line 130.
The 128-bit ROM 1s used to store voltage calibration infor-
mation and temperature sensor address(es) 1I temperature
sensors are included 1n smart sensor 100. Optional digital
temperature sensor(s) 140 provide their output directly to bus
135.

FIG. 2 shows how voltage measuring devices of the type
illustrated 1n FIG. 1 may be arranged on a bus to monitor solar
panels. Sensors 100 and 215 measure the voltage of photo-
voltaic (*PV”’; 1.e. solar) panels 205 and 225 respectively.
String controller 210 1s connected to sensor 100 via ground,
power, data, sense and VREF lines; however controller 210
contains additional logic compared to sensors 100 and 215.

Smart sensors may also include monitoring of bypass
diodes associated with each solar panel. Bypass diodes are
connected in parallel with, but with opposite polarity to, solar
panels. Under normal operation, each panel 1s forward biased
and therefore 1ts bypass diode 1s reverse biased and 1s eflec-
tively be an open circuit. However, 11 a panel 1s reverse biased
due to a mismatch 1n short-circuit current between several
series connected cells, then the bypass diode conducts,
thereby allowing the current from good solar cells to flow 1n
the external circuit rather than forward biasing each good cell.
The maximum reverse bias across a poor cell 1s reduced to
about a single diode drop, thus limiting the current and pre-
venting hot-spot heating.

Bypass diodes employed in conventional solar panels are
unmonitored and therefore information about the heath of a
panel 1s lost. Smart sensors described herein, however, can
monitor bypass diodes by measuring their temperature with
digital temperature sensors. The temperature of the diodes
rises rapidly 1 they begin conducting. The smart sensor can
be fit mnto a standard solar panel junction box such that the
digital temperature sensors lie 1n close proximity to the
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bypass diodes; 1.e. close enough for the temperature sensors
to respond to changes in the diodes’ temperatures. However,
the temperature sensors need not touch the diodes directly;
they remain galvanically 1solated from the diodes.

The temperature rise of a bypass diode depends upon
whether or not the diode 1s in bypass operation or leaking and
can mndicate whether or not a loss of power generation exists
for cells within the panel serviced by the diode. A loss of
power generation in one panel can affect the overall operation
of an array by creating an imbalance in the maximum power
point between strings of panels or skewing the maximum
power point tracking mechanism.

FIGS. 4A-4D show a string of devices on a low-wire-count
bus and illustrate a method for determining the physical order
of the devices on the bus. The system and method illustrated
in FIG. 4 1s applicable not only to a string of voltage measur-
Ing sensors 1n a solar power system, but also to any situation
in which 1t 1s useful to determine the physical order of devices
linked by a low-wire-count bus. Low-wire-count serial buses
often employ mechanisms to discover the individual
addresses of devices on the bus but because the signaling line
1s shared they are not able to determine the physical ordering
of those devices.

FI1G. 4A shows three devices 410, 415, 420 connected to
cach other and to a master controller 405 by a low-wire-count
bus. In addition to power and ground wires, the bus includes
a control line. In response to signals recerved on the control
line, a multiplexer (mux) 425 in each device connects the
sense output of the device to one of: the local data stream 412,
the sense input of the device, power (logical 1), or ground
(logical 0). Local data stream 412 corresponds to the output
122 of the voltage to frequency converter 120 in FIG. 1. In
FIG. 4A, all three devices shown have their sense outputs
connected by their muxes to ground. At this point the master
controller has not yet learned the physical order of devices on
the bus.

All devices are initially set to output a logical 0. Devices
are then toggled to logical 1 one by one until the bus master
detects a high. Because the signal line 1s connected serially
and gated by each device, only the device geographically
closest to the bus master can drive 1ts mput high. This device
1s then set to pass the signal of its upstream neighbor and the
process 1s repeated on the remaining devices to determine the
next closest device, until the order of all devices has been
identified.

Step-by-step the method 1s as follows:

1. Set all unordered devices to “Forced Low”’; see FIG. 4A.
The output sense lines are now 1solated from each other and
the signal 1s not transferred between devices.

2. One-by-one set each unordered device’s output to
“Forced High” until an edge (low to high transition) is
detected by the master controller’s mput capture logic. See
FIG. 4B.

3. The last device set to the “Forced High” mode 1s the
(next) closest device to the string controller. Its signal 1s
detected because 1t 1s either directly connected the string
controller or all downstream devices have already been
ordered and set to “Pass” mode. See FIG. 4C.

4. Set the newly ordered device to “Pass™” mode, to exclude
it from the search and repeat steps 1-4 to find the next device.
See FI1G. 4D.

5. Repeat until all devices are ordered.

In FI1G. 4B, the middle device in the string of three has been
set to “Forced High”. However, the master sees no change on
its sense mput because the device closest to 1t 1s still 1n the
“Forced Low” mode. In FIG. 4C, the middle device has been
returned to “Forced Low” while the device on the left, the
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closest one to the master, has been set to “Forced High™. This
time the master senses logical 1 on 1ts sense mput; therefore
the device setto “Forced High” must be the closest one to the
master. Since 1ts position 1s now known, 1t can be set to “Pass
Mode™’; 1.e. 1ts sense output can be connected directly to 1ts
sense mput as shown 1n FIG. 4D.

The process 1s then repeated until the order of each device
on the bus 1s known. This quick and simple method for order-
ing devices on a bus 1s useful in solar power applications
when the physical order of panel voltage sensors 1s needed.

The smart sensors described herein are useful for measur-
ing the voltages of series-connected voltage sources such as
solar panels 1 a string or individual batteries 1n a series-
connected string of batteries. The sensors float with respect to
carth ground so that the voltage measured by each sensor does
not become too great, even 1n a long string. A simple method
for determining the order of sensors on a low-wire-count bus
has been provided.

As one skilled in the art will readily appreciate from the
disclosure of the embodiments herein, processes, machines,
manufacture, means, methods, or steps, presently existing or
later to be developed that perform substantially the same
function or achieve substantially the same result as the cor-
responding embodiments described herein may be utilized
according to the present invention. Accordingly, the
appended claims are intended to iclude within their scope
such processes, machines, manufacture, means, methods, or
steps.

The above description of illustrated embodiments of the
systems and methods 1s not intended to be exhaustive or to
limit the systems and methods to the precise form disclosed.
While specific embodiments of, and examples for, the sys-
tems and methods are described herein for illustrative pur-
poses, various equivalent modifications are possible within
the scope of the systems and methods, as those skilled in the
relevant art will recognize. The teachings of the systems and
methods provided herein can be applied to other systems and
methods, not only for the systems and methods described
above.

In general, 1n the following claims, the terms used should
not be construed to limit the systems and methods to the
specific embodiments disclosed 1n the specification and the
claims, but should be construed to include all systems that
operate under the claims. Accordingly, the systems and meth-
ods are not limited by the disclosure, but instead the scope of
the systems and methods are to be determined entirely by the
claims.

What 1s claimed 1s:
1. A solar power generating system comprising;
multiple photovoltaic panels, each panel connected to its
own voltage sensor that 1s configured to transmit voltage
information to a controller via a bus:
wherein each voltage sensor comprises:
a voltage-to-frequency converter configured to generate
a pulse data signal based on an output voltage of an
associated photovoltaic panel; and
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a multiplexer connected to the bus and configured to
receive the pulse data signal, the multiplexer compris-
ing: a sense-1n terminal configured to receive a sense-
out signal associated with another solar panel, a
sense-out terminal, a ground terminal, a power termi-
nal, and a control terminal;

wherein the multiplexer 1s configured to connect the
sense-out terminal to the pulse data signal 1n response
to a first signal recerved at the control terminal, to the
sense-in terminal 1n response to a second signal
received at the control terminal, to the ground termi-
nal in response to a third signal recerved at the control
terminal, and to the power terminal 1n response to a
fourth signal received at the control terminal, wherein

the bus comprises ground, power, and control wires;

the ground wire 1s connected to the ground terminal of the
multiplexer 1n each voltage sensor;

the power wire 1s connected to the power terminal of the
multiplexer 1n each voltage sensor;

the control wire 1s connected to the control terminal of the
multiplexer 1n each voltage sensor;

the sense-out terminal of the multiplexer 1n each voltage
sensor, except a last voltage sensor 1n a string, 1s con-
nected to the sense-in terminal of the multiplexer 1n a
succeeding voltage sensor 1n the string; and

the sense-out terminal of the multiplexer 1n the last voltage
sensor 1n the string 1s connected to a bus master.

2. The solar power generating system of claim 1, wherein

cach voltage sensor 1s electrically 1solated from earth ground.

3. The solar power generating system of claim 1, wherein
cach voltage sensor further comprises a digital temperature
SENSor.

4. The solar power generating system of claim 3, wherein
the digital temperature sensor of each voltage sensor 1s con-
figured to respond to changes 1n a temperature of a bypass
diode for 1ts associated solar panel.

5. The solar power generating system of claim 1, wherein
the voltage-to-frequency converter 1n at least one of the volt-
age sensors has voltage inputs that are optically 1solated from
a pulse data output.

6. The solar power generating system of claim 1, wherein
the voltage-to-frequency converter 1n at least one of the volt-
age Sensors Comprises:

a precision capacitor;

a comparator configured to sense when the capacitor 1s

charged to a specified level;

a light-emitting diode (LED) through which the capacitor
1s discharged when the capacitor 1s charged to the speci-
fied level; and

a photodiode configured to create an electrical pulse when
the LED turns on.

7. The solar power generating system of claim 1, wherein

cach voltage sensor further comprises:

an 1nput/output device configured to intertace the multi-
plexer of that voltage sensor to the bus.
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